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SUMMARY
A meta-analysis was conducted to study milk fatty acid (FA) profile in dairy cows in response to changes in
dietary nutrient composition in relation to supplementation of fat sources, their technological form, addition
of fish oil and main forage type in the basal diet. Data comprised 151 treatment means from 50 experiments,
which were included in the database when diet composition, nutrient composition, FA composition, dry
matter (DM) intake, milk yield, milk composition and milk FA profile were reported. Mixed model regression
analysis including a random experiment effect and unequal variances among experiments was used. Least
squares means were obtained for the different fat sources (unsupplemented, rapeseed, soybean+sunflower,
linseed, or fish oil), technological form including addition of fish oil (oil, seed, protected and added fish oil),
and main forage type (lucerne silage, barley silage, maize silage, grass silage, maize silage combined
with haylage, or haylage) in the basal diet. Results showed that the technological form of supplemental
rapeseed, soybean, sunflower, or linseed significantly influenced the effect of dietary nutrient composition
on milk fat content and milk FA profile resulting in significant differences between technological forms
within the different fat sources. Protected rapeseed and linseed increased C18:2n6 and C18:3n3 proportions
in milk fat, respectively, whereas soybean and sunflower seed increased transfer efficiencies for C18:2n6
and C18:3n3 and their proportions in milk fat. Soybean, sunflower, or linseed supplied as oil increased trans-11-
C18:1 proportions in milk fat, whereas the addition of fish oil to a diet containing soybean or sunflower
decreased C18:0 and cis-9-C18:1 proportions in milk fat. The main forage type in the diet also significantly
influenced the effect of dietary nutrient composition onmilk fat content andmilk FA profile, resulting in significant
differences between main forage types in the diet within the different fat sources. Maize silage as the main forage
type increased trans-11-C18:1 in unsupplemented diets or diets supplemented with a source of soybean or
sunflower. For rapeseed supplemented diets, barley silage increased transfer efficiency and milk fat proportion of
C18:2n6, whereas grass silage increased proportion of C18:3n3 in milk fat. For soybean or sunflower
supplemented diets, haylage increased proportions of saturated FA, cis-9-C18:1 and C18:2n6, whereas the
combination of maize silage and haylage increased transfer efficiency and milk fat proportion of C18:3n3. For
linseed supplemented diets, grass silage as the main forage type resulted in the highest C18:3n3 proportion,
whereas cis-9-C18:1 proportion was comparable for grass silage, lucerne silage and maize silage as the main
forage type. This meta-analysis confirmed that the effect of dietary nutrient composition on several milk FA
proportions depends on the type and form of fat supplementation, addition of fish oil, and main forage type in the
basal diet.
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INTRODUCTION
Changing the milk fatty acid (FA) profile of dairy cows
towards an increased proportion of unsaturated fatty
acids (UFA) is considered an improvement of the
dietary value of bovine milk (Jenkins & Bridges 2007).
Milk FA are derived from two sources, viz., de novo
synthesis from acetate and β-hydroxybutyrate originat-
ing from ruminal fermentation, and mammary uptake
of FA available from absorption of dietary and
microbial FA and FA from fat mobilization (Lock &
Bauman 2004). FAs in the diet of dairy cows aremainly
C18 FA from forages, cereals and oil seeds (Chilliard
et al. 2007). Oilseeds are used in diets of dairy cows to
increase energy intake, increase efficiency of milk fat
synthesis (Jones et al. 2001), and alter the FA profile of
milk fat. Feeding whole untreated sunflower seeds
increases the proportion of UFA inmilk fat from 0·29 to
0·42 (Petit et al. 2004), although extensive biohydro-
genation normally occurs in the rumen (Harfoot &
Hazlewood 1997). A reduction of this extensive
biohydrogenation of UFA is required to increase the
delivery of these UFA to the duodenum for absorption.
The extent of biohydrogenation is affected by the
technological form of the fat source (oil, seed, or
protected; Chilliard et al. 2007) and the characteristics
of the basal diet (such as forage type and forage to
concentrate ratio; Dewhurst et al. 2006).
Fat sources for dairy cows differ in their FA profile
and hence can result in changes in the profile of FA
absorbed and secreted as part of the milk fat. Rapeseed
sources contain oleic acid (cis-9-C18:1) as the most
abundant FA, whereas soybean and sunflower sources
are rich in linoleic acid (cis-9,cis-12-C18:2; C18:2n6),
and linseed sources contain mainly linolenic acid
(cis-9,cis-12,cis-15-C18:3; C18:3n3). Unprotected fat
sources have only a limited use in dairy diets because
they tend to upset fibrolytic activity and fibre digestion
in the rumen (Harfoot & Hazlewood 1997). A number
of studies and several reviews have been published on
responses of milk FA profile to these fat sources when
included in diets for dairy cows (Dewhurst et al. 2006;
Jenkins & Bridges 2007; Glasser et al. 2008). Glasser
et al. (2008) studied the responses of milk FA to several
fat supplements and focused on the response to
increasing amounts of the supplemental fat sources,
but the effects of interfering dietary (e.g. technological
form) or animal factors (e.g. lactation stage) were
difficult to assess from their available dataset. In ad-
dition, Glasser et al. (2008) excluded diets supple-
mented with fish oil or marine algae and combinations
of fat sources including fish oil from the analysis. Due
to the specific effects of fish oil on biohydrogenation
routes (Shingfield et al. 2005; Fievez et al. 2007), the
effects of addition of fish oil to diets supplementedwith
a fat source, such as rapeseed or linseed, are of interest.
Consequently, the objective of the current meta-
analysis was to study milk FA profile in response to
changes in dietary FA composition in relation to
different fat sources, their technological form and/or
addition of fish oil, and characteristics of the basal diet
(forage type and neutral detergent fibre (NDF) con-
tent).
MATERIALS AND METHODS
Data collection
A database was built from studies investigating the
effects on milk FA profile in lactating dairy cows in
response to different fat sources, with or without rumen
lipid protection technology, with or without addition
of fish oil, and supplied with different basal rations.
Data were obtained from scientific publications
published between 1995 and 2009 (listed in online
appendix: go to http://journals.cambridge.org/AGS). A
prerequisite for inclusion of an experiment in the
database was that proportions of all the major feed-
stuffs in the diet, dietary ether extract (EE) or total FA
content (g/kg drymatter (DM)), dietary NDF content (g/
kg DM), dietary FA composition (g/kg DM), DM intake
(kg/d), milk yield (kg/d), milk protein and milk fat yield
(g/d), and FA profile of milk fat (g/100 g FA) were
reported. Publications reporting several experiments
were given a specific code for each experiment. This
resulted in a database of 47 publications reporting 50
experiments with a total of 151 treatments (online
Appendix: go to http://journals.cambridge.org/AGS).
The experiments contained, on average, four exper-
imental treatments (range 2–8) and each observation
included in the dataset corresponded to the mean of a
treatment group.
Animals, feeding and housing
All studies in the database used lactating dairy cows
and each treatment group consisted of, on average,
nine cows (±5 cows; means±S.D.), which were on
average 110 days in milk (±54 days). Most exper-
iments were conducted as Latin square designs with
21–28 day experimental periods. Duration of exper-
iments set up as complete block designs was at least 6
weeks. Cows used in the experiments were Holstein
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cows, however, in the experiments of Franklin et al.
(1999),Whitlock et al. (2002, 2006) and AbuGhazaleh
& Jenkins (2004), Holsteins and Brown-Swiss cows
were used. Cows in most experiments were multi-
parous or a mixture of primiparous and multiparous.
Jones et al. (2001) and AbuGhazaleh et al. (2002,
2003) used only primiparous cows in their exper-
iments. Cows were housed individually in tie-stalls or
housed in free-stall barns with Calan Broadbent feed-
ing doors (American Calan Inc., Northwood, NH).
Cows were fed individually either a total mixed ration
(TMR) or a ration with haylage and concentrates fed
separately (Loor et al. 2005).
Grouping of experimental factors
In most experiments, one treatment group received a
control diet and the other treatment groups received
the control diet plus a substantial amount of a fat
source. The fat sources in the dataset were classed as:
unsupplemented, rapeseed, soybean+sunflower, lin-
seed and fish. Within fat sources, the technological
form of the fat source, addition of fish oil and main
forage type were distinguished. However, for fish oil as
the main fat source, the number of treatment means
was too low to be used in the analysis per fat source.
For rapeseed, technological form was grouped as oil
(all oil types included), seed (sources fed as whole
seed, ground seed, heat treated seed, or extruded seed)
and protected (sources fed as FA amides, or Ca-salts
of FA). For soybean+sunflower sources, technological
form was grouped as oil (all oil types included),
seed (sources fed as whole seed, ground seed, heat
treated seed, extruded seed, or micronized seed),
protected (sources fed as FA amides or Ca-salts of FA)
and added fish oil (additional supply of fish oil to a diet
containing soybeanor sunflower). For linseed, technol-
ogical form was grouped as oil (all oil types included),
seed (sources fed as whole seed, ground seed, ex-
truded seed and micronized seed), protected (formal-
dehyde treated) and added fish oil. Main forage type in
the diets was either lucerne silage, barley silage, maize
silage, a combination of maize silage and haylage
(maize/haylage), grass silage, or haylage. Haylage was
defined as hay or haylage as termed in the ration com-
positions in the experiments. Unsupplemented diets
contained barley silage, maize silage, maize/haylage,
grass silage, or haylage as main forage type. For rape-
seed sources, diets contained lucerne silage, barley
silage, maize silage, or grass silage asmain forage type.
For soybean+sunflower sources, diets contained
maize silage, maize/haylage, grass silage, or haylage
as main forage type. For linseed sources, diets con-
tained lucerne silage, maize silage, grass silage, or
haylage as main forage type.
FA analysis methodology
Different FA analysis methods were used across the 47
publications. Differences among these methods would
contribute to the experiment effect in the regression
models developed. For many FA, the precise isomer
description was not reported. FAs that were only
described by C18:1 were assumed to be cis-9-C18:1,
trans-C18:1 was assumed to be trans-11-C18:1, C18:2
was assumed to be C18:2n6 and C18:3 was assumed
to be C18:3n3. Identification of specific C18:1 isomers
was limited to publications reporting several cis- and
trans-C18:1 isomers.
Statistics
Principal component analysis (PCA) was carried
out using SPSS software (version 17; SPSS Inc.,
Chicago, IL) to evaluate the relationships within fat
sources between milk FA profile (saturated FA (SFA),
UFA, C18:0, cis-9-C18:1, trans-11-C18:1, C18:2n6
and C18:3n3), transfer efficiency for C18:2n6 and
C18:3n3 from feed to milk, and diet characteristics
(technological form of the fat source, main forage type,
forage to concentrate ratio and dietary contents of
NDF, total FA, UFA, cis-9-C18:1, C18:2n6 and
C18:3n3 (DM basis)). The results of the PCA were rep-
resented graphically in two-dimensional plots, show-
ing relationships among these variables. An example
of the plot for the soybean and sunflower supple-
mented diets for principal component 1 v. 2 is pres-
ented in Fig. 1. Using the results of the PCA,
independent variables that showed negative or posi-
tive relationships with the dependent variables were
selected and with these variables multiple regression
models were fitted.
The statistical methods used to adjust the data for the
random effect of experiment and unequal variance
among experiments have been described by St-Pierre
(2001). Dependent variables included milk fat content
and milk FA profile (SFA, UFA, C18:0, cis-9-C18:1,
trans-11-C18:1, C18:2n6 and C18:3n3) and transfer
efficiencies for C18:2n6 and C18:3n3 from feed to
milk. Independent continuous variables included the
dietary contents of NDF, total FA, UFA, cis-9-C18:1,
C18:2n6 and C18:3n3. Independent class variables in-
cluded fat source, technological form and forage type.
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Multiple regression models were fitted using PROC
MIXED (SAS Institute Inc., Cary, NC) with inclusion of
both class variables and continuous variables within a
mixed model analysis as described by Firkins et al.
(2001) and St-Pierre (2001). Variables were included
in the models when P<0·10. In the first models, fat
source was used as fixed-effect class variable, while
the dietary FA contents were used as the fixed-effect
continuous variables and experiment was the random-
effect variable. The regression models were weighted
for the unequal variance among studies using the milk
C18:0 standard error of themean (S.E.M.) reported in the
experiments. In the second analysis, within fat source
classes, technological form and main forage type were
used as the fixed-effect class variables in the model.
Non-significant (P>0·10) main effects remained in the
model when they were contained in an interaction
effect. Assessment of the best fit model was conducted
by calculation of the root mean square prediction error
(RMSPE) (Bibby & Toutenburg 1977). Expressed as a
proportion of the observed mean, the RMSPE was
used as a measure for accuracy of prediction. The
MSPE was decomposed into three error components
according to Bibby & Toutenburg (1977) and all
developed models showed the random error to be the
most important source of error. The concordance
correlation coefficient (CCC) was calculated to evalu-
ate the precision and accuracy of predicted values
(Lin 1989). The best fit model was chosen based on the
lowest RMSPE, highest CCC value and biologically
logical intercepts and coefficients. The presented
models per fat source contain seed as technological
form or maize silage as main forage type when
technological form or main forage type, respectively,
were used as class variables in the regression models.
Regression intercepts and slopes were adjusted for
other technological forms or forage types, respectively,
when the effects of these class variables (main effect:
adjustment of intercept, interaction: adjustment of
slope) were significant (P<0·10). Least squares means
for different fat sources, technological form including
added fish oil and main forage type in the diet were
calculated from the best fit models and were adjusted
for the random experiment effect and the means of all
continuous variables in the final models. Pairwise
differences were tested using the Tukey adjustment.
RESULTS AND DISCUSSION
Meta-analysis approach
The animal and diet characteristics and performance
variables for the dataset are summarized in Table 1,
whereas the milk FA profile including transfer efficien-
cies for C18:2n6 and C18:3n3 is presented in Table 2.
Despite the large number of studies evaluating the re-
sponse of milk FA to several fat sources, it was difficult
to obtain a large and solid database with results for
different fat sources, technological forms and diet
compositions. To conduct a meta-analysis with these
factors, a database containing diet characteristics as
well as FA intake and specified milk FA profiles is
required. Glasser et al. (2008) pooled several forms of
fat supplementation to quantify relationships on milk
FA profile. In the current meta-analysis, the number of
publications that met the selection criteria was limited
and therefore it was necessary to pool technological
form to the four classes used (oil, seed, protected and
added fish oil) and main forage type to the six classes
used (lucerne silage, barley silage, maize silage, grass
silage, maize/haylage and haylage). Using themultiple
regression technique, taking into account the random
effect of experiment and unequal variances among
experiments as applied previously for other research
questions (Firkins et al. 2001), it was possible to obtain
models that upon application result in least squares
means for technological form or main forage type
within each fat source.
Fat sources
Table 3 presents the final models for the total dataset,
standardized to diets not supplemented with a fat
source. Fat source had a significant effect on milk fat
Component plot in rotated space
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Fig. 1. PCA describing relationships among dietary vari-
ables and milk FA profile. The plot is based on the first two
principal components (component 1: 0·44; component 2:
0·16).
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Table 1. Mean, standard deviation (S.D.) and number of treatments for animal characteristics, diet characteristics and performance for the total dataset
(50 studies with 151 treatment means)
Fat source
Unsupplemented Rapeseed Soybean+Sunflower Linseed Fish
Mean S.D. n Mean S.D. n Mean S.D. n Mean S.D. n Mean S.D. n
Animal characteristics
Cows (#) 9 4·2 43 8 3·2 20 9 6·6 46 9 5·1 28 9 4·1 14
Days in milk (d) 109 45·6 43 114 60·2 20 97 52·0 46 127 62·1 28 115 59·3 14
BW (kg) 627 43·2 28 624 48·6 9 628 70·1 15 596 46·1 17 667 68·6 4
Diet characteristics (g/kg DM)
Forage (proportion) 0·52 0·114 43 0·58 0·106 20 0·50 0·041 46 0·54 0·074 28 0·46 0·068 14
Crude protein 167 18·3 43 162 21·2 20 173 12·6 44 169 12·8 28 173 10·7 14
NDF 336 59·9 43 352 75·2 20 320 37·3 42 377 44·7 28 311 33·8 14
Total FAs (g/100 g) 27 7·3 43 45 12·2 20 50 9·3 46 54 10·9 28 41 10·1 14
cis-9-C18:1 6 2·4 43 18 7·9 20 10 2·9 46 10 3·1 28 8 2·9 14
cis-9,cis-12-C18:2 11 4·1 43 11 3·9 20 22 7·4 46 12 3·4 28 12 3·7 14
cis-9,cis-12,cis-15-C18:3 3 1·8 43 5 2·0 20 4 1·6 46 21 9·1 28 3 1·0 14
Total UFAs 19 6·0 43 35 11·4 20 36 9·9 46 44 11·4 28 24 6·5 14
Performance
DM intake (kg/d) 23 3·1 43 22 3·4 20 22 3·5 46 19 2·9 28 23 4·0 14
Milk yield (kg/d) 31 5·4 43 32 6·7 20 33 5·9 46 27 6·9 28 31 4·7 14
Protein (g/kg) 33 2·6 43 31 3·4 20 31 2·9 46 32 2·1 28 32 1·7 14
Fat (g/kg) 38 4·0 43 34 4·0 20 33 3·8 46 38 5·7 28 29 5·4 14
Lactose (g/kg) 48 1·4 35 49 0·9 13 48 2·1 37 47 2·0 24 49 1·1 10
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Table 2. Mean, S.D. and number of treatments for milk FA profile and transfer efficiency for cis-9,cis-12-C18:2 and cis-9,cis-12,cis-15-C18:3 for the total
dataset (50 studies with 151 treatment means)
Fat source
Unsupplemented Rapeseed Soybean+Sunflower Linseed Fish
Mean S.D. n Mean S.D. n Mean S.D. n Mean S.D. n Mean S.D. n
Milk fatty acid profile, g/100 g FA
C4:0 3·5 1·04 23 4·1 1·41 13 3·3 0·94 32 2·9 1·05 16 2·6 0·64 12
C6:0 2·5 0·78 28 2·6 1·05 16 1·9 0·59 35 2·0 0·89 22 1·6 0·46 14
C8:0 1·4 0·60 34 1·6 1·03 16 1·1 0·31 38 1·2 0·39 24 1·1 0·38 14
C10:0 3·4 0·83 36 2·8 0·98 16 2·4 0·69 45 2·5 0·81 28 2·4 0·64 14
C12:0 4·0 0·77 38 3·2 0·95 20 2·8 0·71 45 2·9 0·72 28 3·0 0·69 14
C13:0 0·14 0·029 12 0·08 0·030 12 0·11 0·035 13 0·13 0·038 5
C14:0 12·6 1·85 43 11·4 2·67 20 9·8 1·91 46 10·1 1·78 28 10·6 1·31 14
cis-9-C14:1 1·3 0·36 26 1·2 0·57 5 0·9 0·36 40 0·9 0·20 24 1·3 0·46 11
C15:0 1·3 0·23 33 1·1 0·18 5 0·9 0·25 37 1·0 0·22 19 1·1 0·13 8
C16:0 32·4 3·08 43 24·2 3·47 20 24·5 4·35 46 24·9 3·64 28 28·5 2·65 14
cis-9-C16:1 1·9 0·53 36 1·6 0·22 10 1·5 0·78 46 1·4 0·49 28 2·4 0·90 14
C17:0 0·68 0·158 31 0·68 0·060 4 0·47 0·098 29 0·58 0·077 19 0·60 0·065 6
C18:0 9·8 2·21 43 13·7 2·15 20 11·9 2·95 46 14·6 3·93 28 6·5 3·08 14
cis-9-C18:1 20·1 3·87 43 27·2 4·68 20 23·5 4·11 46 26·1 4·15 28 15·6 5·56 14
cis-11-C18:1 0·58 0·205 17 0·69 0·150 17 0·48 0·188 13 0·98 0·461 9
cis-12-C18:1 0·31 0·081 6 0·79 0·450 3 0·50 0·339 2
cis-13-C18:1 0·08 0·016 6 0·12 0·021 3 0·19 0·064 2
cis-15-C18:1 0·11 0·014 6 0·17 0·045 3 0·83 0·414 4
trans-6+7+8-C18:1 0·21 0·059 14 0·52 0·230 15 0·47 0·229 6 0·40 0·207 9
trans-9-C18:1 0·21 0·048 15 0·50 0·122 15 0·45 0·124 6 0·49 0·311 9
trans-10-C18:1 0·79 0·779 11 2·23 2·39 5 2·36 2·281 11 0·94 0·384 6 3·22 2·566 4
trans-11-C18:1 1·7 1·02 40 2·4 0·94 20 4·5 2·55 30 2·9 1·52 26 4·2 2·33 14
trans-12-C18:1 0·38 0·039 6 0·75 0·306 3 0·81 0·130 4
trans-13+14-C18:1 0·34 0·049 2 1·17 0·691 3 2·36 0·557 4
trans-16-C18:1 0·29 0·021 4 0·46 0·021 2 0·81 0·123 3
cis-9,cis-12-C18:2 2·7 0·83 43 2·4 0·66 20 3·6 0·86 46 2·1 0·56 28 2·7 0·86 14
cis-9,trans-11-C18:2 0·54 0·182 26 0·97 0·380 10 1·15 0·458 31 1·16 0·627 20 1·44 0·543 14
trans-10,cis-12-C18:2 0·03 0·040 11 0·05 0·042 20 0·05 0·031 6 0·07 0·058 7
cis-9,cis-12,cis-15-C18:3 0·46 0·195 42 0·54 0·200 20 0·58 0·210 44 1·03 0·300 28 0·46 0·164 14
C20:0 0·17 0·122 12 0·27 0·206 11 0·24 0·143 9 0·24 0·106 5
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content, selected milk FA proportions and efficiencies,
except for milk UFA proportion. The intercepts in the
final models therefore need to be adjusted for the
different fat sources. In addition, the regression slope
for the proportion of C18:3n3 in milk fat and the
transfer efficiencies for C18:2n6 and C18:3n3 should
also be adjusted for the different fat sources. The
proportion of UFA in milk fat showed a quadratic
response to increasing dietary UFA content, whichwas
not affected by fat source. The relationship between
observed and predicted UFA proportions and residuals
(observed–predicted UFA) are presented in Fig. 2.
Least squares means for milk fat content and FA pro-
portions are presented in Table 4. Increasing dietary
FA content reduced milk fat content resulting in lower
least squares means for the diets supplemented with
a source of rapeseed, soybean, sunflower and fish
compared with the unsupplemented diets. However,
diets supplemented with a source of linseed showed
the highest fat content, in agreement with the observed
changes in the milk FA profile as discussed later.
The response in milk FA profile to lipid supplements
integrates both rumen metabolism of substrates and
post-absorptive metabolism of nutrients. In the current
meta-analysis, higher least squares means of C18:0
were observed for diets supplemented with a source
of rapeseed, soybean, sunflower and linseed. An
increased proportion of C18:0 in milk fat can originate
either from increased body fat mobilization, from in-
creased C18:0 intake, or from dietary supplementation
with cis-9-C18:1, C18:2n6, or C18:3n3, resulting in an
increased rumen outflow of C18:0 due to complete
biohydrogenation to C18:0 (Chilliard et al. 2007). In
the current meta-analysis, diets supplemented with
fish oil showed the lowest C18:0 and highest trans-
11-C18:1 proportions in milk fat. When fish oil or
marine algae were included in the diet, a notable
reduction in the conversion of trans-11-C18:1 to C18:0
in the rumen has been shown in vitro (Boeckaert et al.
2007; Vlaeminck et al. 2008; Sterk et al. 2010) or
in vivo (Boeckaert et al. 2008a), and markedly de-
creased and increased milk fat proportions of C18:0
and trans-11-C18:1, respectively (Boeckaert et al.
2008b). Several studies suggested that docosahexae-
noic acid (C22:6n3; DHA) was responsible for the
inhibitory effects on ruminal FA biohydrogenation
(AbuGhazaleh & Jenkins 2004; Boeckaert et al. 2007),
which were modulated through changes in the rumen
microbial population (Boeckaert et al. 2008a).
In the current meta-analysis, supplementation of
rapeseed, soybean or sunflower and linseed increased
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Table 3. Regression models to predict milk fat content (g/kg), proportions of milk SFA, UFA, C18:0, cis-9-C18:1, trans-11-C18:1, cis-9,cis-12-C18:2
(C18:2n6), and cis-9,cis-12,cis-15-C18:3 (C18:3n3; all in g/100 g), and transfer efficiencies from intake to milk for C18:2n6 and C18:3n3 (proportion)
from dietary FA contents (g/kg DM) and responses to fat source standardized to diets not supplemented with a fat source*
Parameter Intercept S.E. P fat source Variable Coefficient S.E. P coefficient
RMSPE
(proportion)† CCC
Fat 40·8 1·28 <0·001 FA −0·114 0·0359 0·002 0·102 0·692
SFA 74·0 1·22 <0·001 FA −0·249 0·0321 <0·001 0·075 0·712
UFA 17·8 1·38 ns UFA 0·720 0·0875 <0·001 0·087 0·859
UFA×UFA −0·0057 0·00142 <0·001
C18:0 8·8 0·68 <0·001 FA 0·046 0·0211 0·032 0·200 0·694
cis-9-C18:1 18·2 0·85 <0·001 cis-9-C18:1 0·303 0·0802 <0·001 0·153 0·720
trans-11-C18:1 0·2 0·44 <0·001 UFA 0·078 0·0173 <0·001 0·271 0·893
C18:2n6 2·1 0·14 <0·001 C18:2n6 0·042 0·0146 0·005 0·204 0·758
C18:3n3 0·37 0·056 <0·001 C18:3n3 0·025 0·0184 0·074‡ 0·259 0·827
Efficiency C18:2n6 0·257 0·0146 <0·001 C18:2n6 −0·016 0·0021 <0·001§ 0·196 0·873
C18:2n6×C18:2n6 0·00028 0·000077 <0·001
Efficiency C18:3n3 0·214 0·0125 <0·001 C18:3n3 −0·035 0·0044 <0·001** 0·382 0·846
ns: not significant.
* Data are adjusted for the random effect of experiment and weighted for unequal variance. The equations are standardized for diets not supplemented with a fat source. Both
intercept and coefficient would be adjusted for fat source. Class and continuous variables are included when P<0·10.
† RMSPE: root mean square prediction error as a proportion of the observed mean; CCC: concordance correlation coefficient.
‡ The interaction between fat source×C18:3n3 was P=0·010; estimates for rapeseed: intercept=0·43, slope=0·029; estimates for soybean+sunflower: intercept=0·40,
slope=0·056; estimates for linseed: intercept=1·15, slope=–0·0033; estimates for fish: intercept=0·43, slope=0·0010.
§ The interaction between fat source×C18:2n6 was P=0·012; estimates for rapeseed: intercept=26·4, slope=–1·829; estimates for soybean+sunflower: intercept=29·0,
slope=–1·617; estimates for linseed: intercept=17·9, slope=–1·070; estimates for fish: intercept=21·4, slope=–1·303.
** The interaction between fat source×C18:3n3 was P<0·001; estimates for rapeseed: intercept=10·2, slope=–1·294; estimates for soybean+sunflower: intercept=13·0,
slope=–1·009; estimates for linseed: intercept=8·9, slope=–0·261; estimates for fish: intercept=16·4, slope=–2·301.
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cis-9-C18:1 proportion. This is in agreement with the
origin of cis-9-C18:1 in milk fat coming either directly
from an increased uptake of cis-9-C18:1 or from de-
saturation of C18:0 in the mammary gland (Jacobs
et al. 2011). Thus, a decreased rumen outflow of C18:0
in diets containing fish oil (Shingfield et al. 2003)
or marine algae (Boeckaert et al. 2008a) can reduce
cis-9-C18:1 secretion, as confirmed in the current
analysis. The proportion of C18:2n6 generally varies
from 1·0–3·0 g/100 g FA (Chilliard et al. 2007; Heck
et al. 2009) and was significantly higher when diets
were supplemented with a source of soybean or
sunflower high in C18:2n6 compared with unsupple-
mented diets or diets supplemented with a source of
rapeseed, linseed, or fish oil.
The proportion of C18:3n3 in milk fat for unsupple-
mented diets is generally 0·5 g/100 g FA (Heck et al.
2009) and can increase to c. 1·2 g/100 g FA when un-
protected linseed is supplemented to the diet (Glasser
et al. 2008). In the current meta-analysis, the
unsupplemented diet showed a least squares mean of
0·55 g C18:3n3/100 g FA, whereas the linseed sup-
plemented diets showed a least squares mean of 1·13 g
C18:3n3/100 g FA. Least squares means for transfer
efficiencies for C18:2n6 and C18:3n3 could not be
determined, because they were calculated using the
means of the continuous variables in the model
according to Firkins et al. (2001). This resulted in
negative transfer efficiencies for C18:2n6 and C18:3n3
due to the difference in dietary C18:2n6 and C18:3n3
contents among unsupplemented diets and diets
supplemented with the fat sources. Transfer efficien-
cies for C18:2n6 and C18:3n3 decreased when the
dietary contents of these FA increased.
Diet composition
Forage to concentrate ratio and the content of starch
and available UFA are important factors regulating the
extent of ruminal biohydrogenation (Palmquist et al.
2005; Dewhurst et al. 2006; Sterk et al. 2011). In the
current meta-analysis, variation in forage to concen-
trate ratiowas small, with only a few treatments (n=10)
with a proportion of concentrates higher than 0·60.
Chilliard et al. (2007) concluded that the effect of
increasing the proportion of concentrates in the diet
depends on the range of increase, with a strong effect
above 0·60 concentrates. In the current meta-analysis
dietary NDF content (339±56 g/kg DM) rather than
dietary forage proportion was used as the independent
variable representing the fibrousness of the diet.
The dietary content of physical effective fibre
required to stabilize rumen pH and maintain milk fat
content depends on various other factors, including de-
gradability of non-fibre carbohydrates (notably starch;
Zebeli et al. 2008). Since rumen pH is an important
factor in biohydrogenation processes in the rumen,
such findings indicate that the effect of level of fibre
may depend on the type of forage and the levels of
easily degradable carbohydrates in the forage. Sterk
et al. (2011) showed that both forage to concentrate
ratio and forage type influenced the effect of crushed
linseed supplementation on milk FA profile.
Final models for unsupplemented diets are shown in
Table 5. Regression intercepts and slopes are adjusted
for main forage type to calculate the least squares
means for milk fat content, milk FA and transfer
efficiencies per main forage type (Table 6). Dietary FA
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Fig. 2. Observed and predicted milk UFA proportion (a),
and residuals (i.e. observed–predicted; b) for milk UFA
proportion, adjusted for the random effect of experiment
and weighted for unequal variance. Predicted milk UFA
proportion (g/100 g FA): 17·80+0·72×UFA−0·006×UFA2
(RMSPE: 0·087 of observed mean; CCC: 0·859). Data are
for unsupplemented (^), rapeseed (□), soybean+sunflower
(△), linseed (&) and fish (▲) sources.
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content had a negative effect and dietary NDF content
a positive effect on milk fat content, whereas the main
forage type in the diet had no effect onmilk fat content.
The UFA proportion in milk fat was affected by the
UFA and NDF content in the diet, whereas the effect of
the NDF content depends on the main forage type in
the diet. When the diet contained haylage or barley
silage, NDF content had a negative effect on the UFA
proportion in milk fat, whereas when the diet con-
tained maize silage, maize silage in combination with
haylage, or grass silage as the main forage type, NDF
content had a positive effect on the UFA proportion in
milk fat. However, no significant differences in the
least squares means between the different main forage
types were detected. The difference in effect of fibre on
milk UFA proportion when the diet contains different
forages might be related to the presence of C18:1
isomers in the UFA proportion. A lower fibre content is
related to less complete biohydrogenation (Palmquist
et al. 2005), which explains a higher UFAproportion in
milk fat. However, the positive effect of NDF content
on UFA proportion for diets containing maize silage,
maize silage combined with haylage, or grass silage
remains difficult to explain.
The proportion of C18:0 in milk fat was affected
positively by total FA and NDF content in the diet and
negatively by the interaction between the total FA and
NDF content. Forage type significantly (P=0·033)
affected C18:0 proportion in milk fat, with the highest
proportion achieved when the diet contained haylage
compared with a combination of maize silage and
haylage as the main forage type. Thus, the conclusion
of Palmquist et al. (2005) that complete biohydrogena-
tion to C18:0 is most extensive when animals are
fed diets containing high amounts of ensiled forages
could not be confirmed in the current meta-analysis.
Proportions of trans-11-C18:1 and C18:2n6 were
higher for diets containing maize silage as the main
forage type compared with those containing a com-
bination of maize silage and haylage. Proportions of
trans-11-C18:1 and C18:2n6 were affected differently
by NDF and C18:2n6 content when the main forage
type in the diet changed (Table 5). Proportion of
C18:3n3 in milk fat was also affected differently by
dietary C18:3n3 content when the main forage type in
the diet changed, but no significant differences in the
least squares means for the C18:3n3 proportion in milk
fat could be determined (Tables 5 and 6). Kliem et al.
(2008) showed increased proportions of many trans
isomers and C18:2n6 and a decreased proportion of
C18:3n3 in milk for diets with increasing proportion ofTa
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Table 5. Regression models to predict milk fat content (g/kg), proportions of milk SFA, UFA, C18:0,
cis-9-C18:1, trans-11-C18:1, cis-9,cis-12-C18:2 (C18:2n6), and cis-9,cis-12,cis-15-C18:3 (C18:3n3; all in
g/100 g), and transfer efficiencies from intake to milk for C18:2n6 and C18:3n3 (proportion) from diet
characteristics (dietary FA and NDF contents; all in g/kg DM) and responses to forage type standardized to
diets containing maize silage as main forage type for diets not supplemented with a fat source*
Parameter Intercept S.E.
P forage
type Variable Coefficient S.E.
P
coefficient
RMSPE
(proportion)† CCC
Fat 34·7 3·65 ns FA −0·245 0·0625 <0·001 0·095 0·478
NDF 0·027 0·0090 0·004
SFA 78·9 2·48 0·020 FA −0·385 0·0818 <0·001 0·036 0·856
UFA 17·1 5·44 0·051 UFA 0·541 0·0764 <0·001 0·050 0·928
NDF 0·00082 0·01480 0·341‡
C18:0 −7·6 6·12 0·033 FA 0·457 0·1955 0·026 0·119 0·809
NDF 0·048 0·0198 0·021
FA×NDF −0·0012 0·00063 0·069
cis-9-
C18:1
8·1 3·31 0·004 cis-9-C18:1 1·04 0·125 <0·001 0·036 0·983
NDF 0·017 0·0091 0·513§
trans-11-
C18:1
−0·2 1·31 0·097 UFA 0·095 0·0192 <0·001 0·117 0·980
NDF 0·00053 0·003408 0·169**
C18:2n6 −4·4 2·29 <0·001 C18:2n6 0·657 0·1831 0·001†† 0·095 0·945
NDF 0·015 0·0061 0·782‡‡
C18:2n6×NDF −0·0014 0·00048 0·008
C18:3n3 0·40 0·101 0·383 C18:3n3 0·032 0·0264 0·076§§ 0·270 0·710
Efficiency
C18:2n6
0·216 0·0151 ns C18:2n6 −0·0081 0·00131 <0·001 0·191 0·762
Efficiency
C18:3n3
−0·006 0·0738 0·001 C18:3n3 −0·0286 0·00817 <0·001*** 0·233 0·919
NDF 0·00057 0·000209 0·012
ns: not significant.
* Data are adjusted for the random effect of experiment andweighted for unequal variance. The equations are standardized for
diets containing maize silage as the main forage type. Both intercept and coefficient would be adjusted for different forage
types. Class and continuous variables are included when P<0·10.
† RMSPE: root mean square prediction error as a proportion of the observedmean; CCC: concordance correlation coefficient.
‡ The interaction between forage type×NDF was P=0·063; estimates for barley silage: intercept=25·7, slope=−0·0027;
estimates for maize silage/haylage: intercept=13·6, slope=0·018; estimates for grass silage: intercept=3·7, slope=0·039;
estimates for haylage: intercept=56·4, slope=−0·121.
§ The interaction between forage type×NDF was P=0·005; estimates for barley silage: intercept=19·42, slope=−0·010;
estimates for maize silage/haylage: intercept=15·31, slope=−0·009; estimates for grass silage: intercept=0·75, slope=0·040;
estimates for haylage: intercept=41·70, slope=–0·085.
** The interaction between forage type×NDF was P=0·056; estimates for barley silage: intercept=0·29, slope=−0·0014;
estimates for maize silage/haylage: intercept=4·50, slope=−0·016; estimates for grass silage: intercept=0·33, slope=
−0·0019; estimates for haylage: intercept=0·29, slope=–0·0014.
†† The interaction between forage type×C18:2n6was P<0·001; estimates for barley silage: intercept=13·78, slope=−0·128;
estimates for maize silage/haylage: intercept=3·35, slope=0·388; estimates for grass silage: intercept=−4·50, slope=0·704;
estimates for haylage: intercept=4·30, slope=0·834.
‡‡ The interaction between forage type×NDF was P=0·008; estimates for barley silage: intercept=13·78, slope=−0·018;
estimates for maize silage/haylage: intercept=3·35, slope=−0·002; estimates for grass silage: intercept=−4·50, slope=
−0·013; estimates for haylage: intercept=4·30, slope=–0·018.
§§ The interaction between forage type×C18:3n3 was P=0·098; estimates for barley silage: intercept=0·73, slope=−0·194;
estimates for maize silage/haylage: intercept=0·69, slope=−0·113; estimates for grass silage: intercept=0·51, slope=−0·007;
estimates for haylage: intercept=0·68, slope=−0·033.
*** The interaction between forage type×C18:3n3 was P=0·006; estimates for barley silage: intercept=13·1, slope=
−11·033; estimates for maize silage/haylage: intercept=14·6, slope=−8·602; estimates for grass silage: intercept=−6·0,
slope=−1·849; estimates for haylage: intercept=21·6, slope=−11·033.
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Table 6. Least squares means of milk fat content (g/kg), proportions of milk SFA, UFA, C18:0, cis-9-C18:1, trans-11-C18:1, cis-9,cis-12-C18:2
(C18:2n6), and cis-9,cis-12,cis-15-C18:3 (C18:3n3; all in g/100 g), and transfer efficiencies from intake to milk for C18:2n6 and C18:3n3 (proportion)
for Holstein cows fed different fat sources with different technological forms, addition of fish oil, or main forage type in the diet*
Fat source n†
Fat SFA UFA C18:0 cis-9-C18:1
trans-11-
C18:1 C18:2n6 C18:3n3 Eff. C18:2n6 Eff. C18:3n3
Mean S.E. Mean S.E. Mean S.E. Mean S.E. Mean S.E. Mean S.E. Mean S.E. Mean S.E. Mean S.E. Mean S.E.
Unsupplemented
Barley silage 3 ns ns 65·0 2·3 35·1 3·02 11·3 1·09 28·3 1·90 ne‡ ne ne ne 0·23 0·122 ns§ ns ne ne
Maize silage 16 ns ns 68·2 1·3 27·7 0·89 10·3 0·64 19·6 0·53 1·8 0·19 2·7 0·16 0·48 0·055 ns ns 0·111 0·0166
Maize/haylage 11 ns ns 64·8 1·2 30·0 1·12 9·3 0·61 17·8 0·64 0·9 0·25 1·9 0·22 0·40 0·064 ns ns 0·118 0·0255
Grass silage 5 ns ns 67·4 2·4 27·0 1·58 9·1 0·97 19·8 1·05 1·5 0·42 2·5 0·27 0·49 0·126 ns ns 0·082 0·0400
Haylage 4 ns ns 72·1 1·9 26·2 1·57 12·6 0·87 18·6 0·88 1·6 0·37 2·5 0·65 0·59 0·104 ns ns 0·127 0·0281
Rapeseed
Oil 3 ns ns ns ns ns ns 9·1 3·04 ns ns ns ns 1·8 2·00 ns ns 0·046 0·0849 ns ns
Seed 12 ns ns ns ns ns ns 15·3 1·48 ns ns ns ns 2·0 0·22 ns ns 0·104 0·0063 ns ns
Protected 3 ns ns ns ns ns ns 13·8 1·59 ns ns ns ns 2·7 0·22 ns ns 0·118 0·0089 ns ns
Lucerne silage 2 36·2 2·12 69·3 4·76 27·6 4·79 14·2 2·72 ns ns ns ns 2·4 0·45 0·68 0·140 0·111 0·0116 ns ns
Barley silage 4 28·0 1·37 58·2 3·47 41·5 3·58 ne ne ns ns ns ns 5·3 0·60 0·25 0·103 0·157 0·0367 ns ns
Maize silage 10 34·3 0·69 60·4 2·44 35·5 2·49 14·1 1·38 ns ns ns ns 2·1 0·23 0·59 0·072 0·122 0·0060 ns ns
Grass silage 2 41·5 2·59 65·7 3·20 30·0 3·98 17·1 5·12 ns ns ns ns 1·7 0·31 0·80 0·105 0·045 0·0145 ns ns
Soybean+sunflower
Oil 6 30·2 1·63 ns ns 28·4 5·48 13·9 1·20 22·3 1·51 8·3 2·14 3·3 0·42 0·42 0·078 0·084 0·0152 0·058 0·0098
Seed 16 33·7 0·80 ns ns 35·4 1·29 13·6 0·40 24·4 0·69 1·7 0·76 4·2 0·23 0·72 0·047 0·096 0·0072 0·090 0·0054
Protected 4 26·2 1·71 ns ns 44·5 3·41 11·8 0·98 23·3 1·56 6·5 0·98 3·1 0·47 0·33 0·088 0·033 0·0190 0·038 0·0109
Added fishoil 11 32·1 0·90 ns ns 37·8 2·22 10·0 0·47 21·7 0·84 4·5 0·75 3·5 0·26 0·66 0·049 0·073 0·0085 0·084 0·0060
Maize silage 12 ns ns 53·9 1·80 ns ns 12·4 0·70 25·0 0·76 6·4 0·67 3·4 0·25 0·45 0·061 0·071 0·0093 0·056 0·0070
Maize/haylage 13 ns ns 54·2 1·89 ns ns 9·5 0·60 18·4 1·09 3·6 0·70 3·5 0·20 0·76 0·058 0·071 0·0094 0·094 0·0064
Grass silage 7 ns ns 61·9 2·49 ns ns 15·4 0·97 17·0 3·24 1·9 1·33 4·2 0·37 0·57 0·097 0·105 0·0140 0·075 0·0102
Haylage 5 ns ns 62·9 2·47 ns ns 13·0 1·06 25·4 0·94 6·0 1·11 5·2 0·38 0·64 0·086 0·108 0·0139 0·079 0·0095
Linseed
Oil 3 33·6 2·48 48·5 3·89 ns ns 11·8 2·22 18·2 2·30 7·7 0·77 ns ns 0·81 0·409 ns ns ns ns
Seed 18 39·3 0·92 60·7 0·61 ns ns 16·0 0·72 26·8 0·87 2·5 0·20 ns ns 1·01 0·041 ns ns ns ns
Protected 2 41·2 2·04 62·1 4·29 ns ns 17·3 1·92 26·8 1·62 ne ne ns ns 1·74 0·183 ns ns ns ns
Added fishoil 3 35·3 2·77 57·7 1·23 ns ns 14·6 1·75 37·4 4·30 2·7 0·51 ns ns 1·40 0·230 ns ns ns ns
Lucerne silage 2 ns ns 57·8 1·39 ns ns 11·3 2·08 27·2 2·10 3·0 0·89 ns ns 1·09 0·173 ns ns 0·024 0·0060
Maize silage 8 ns ns 60·0 0·74 ns ns 15·4 1·14 24·8 1·35 2·4 0·56 ns ns 0·99 0·067 ns ns 0·022 0·0023
Grass silage 12 ns ns 63·8 1·15 ns ns 15·3 0·93 27·6 1·11 2·2 0·52 ns ns 1·39 0·118 ns ns 0·032 0·0038
Haylage 4 ns ns 54·3 2·32 ns ns 10·1 1·76 20·3 2·00 5·6 0·79 ns ns 0·91 0·173 ns ns 0·020 0·0059
ns: not significant.
* All least squares means are adjusted for the random effect of experiment and for the mean of all continuous variables remaining in the final models (see Tables 5, 7, 8 and 9).
† Number of treatment means.
‡ ne: not estimated in the model because of a limited number of treatment means.
§ Effect of technological form or forage type was not significant in the model (P>0·10).
506
A
.Sterk
etal.
maize silage at the expense of grass silage. In contrast
to the results of Kliem et al. (2008), the current study
showed only numerically increased proportions of
trans-11-C18:1 and C18:2n6 and no differences in the
proportion of C18:3n3 for diets containing maize
silage compared with grass silage as the main forage
type. In general, cows on hay-based diets can have a
higher proportion of C18:3n3 in milk fat compared
with grass silage based diet because of a higher transfer
efficiency from diet to milk (Chilliard et al. 2007). In
this respect, Boufaïed et al. (2003) showed a higher
ruminal bypass of C18:3n3 for Timothy hay compared
with silage. In the current meta-analysis, only a num-
erical increase in transfer efficiency and proportion of
C18:3n3 was observed for diets containing haylage as
the main forage type compared with silages. Transfer
efficiency for C18:3n3 decreased with increasing
dietary C18:3n3 content influenced by main forage
type and increased with increasing NDF content in the
diet. Transfer efficiency for C18:2n6 was negatively
affected by dietary C18:2n6 content and not influ-
enced by main forage type.
Rapeseed
Final models for diets supplemented with rapeseed are
shown in Table 7. Besides effects of the nutrient com-
position of the diet, the technological form of fat
supplementation is known to have an effect on rumen
metabolism and milk FA profile. However, rumen pro-
tected fats currently provide inconsistent and limited
rumen protection responses (Jenkins & Bridges 2007).
Analysing the response of milk FA to dietary FA and
NDF contents for different technological forms of fat
sources may help to explain the inconsistent responses
between experiments.
The proportion of UFA in milk fat was significantly
increased by dietary UFA content, whereas the tech-
nological form of rapeseed did not affect the pro-
portion of UFA in milk. Protected rapeseed showed
a numerically higher transfer efficiency for C18:2n6
compared with rapeseed oil and a significantly
(P=0·050) higher milk fat proportion of C18:2n6
compared with rapeseed fed as seed. The proportion
of C18:2n6 increased with increasing dietary C18:2n6
content, whereas technological form interacted with
NDF content, resulting in a positive relationship with
NDF for rapeseed fed as seed and negative relation-
ships with NDF for rapeseed oil and protected rape-
seed. Two of the protected rapeseed treatments were
oleamides and Loor et al. (2002) concluded that
oleamides showed a lower extent of biohydrogenation
of cis-9-C18:1, but in the present meta-analysis none
of the independent variables affected cis-9-C18:1
significantly. The proportion of C18:0 did not differ
between different technological forms. However, the
effect of dietary total FA content on milk fat C18:0
proportion was influenced by technological form with
a stronger negative relationship when rapeseed was
supplied as seed or as a protected source. Rapeseed
sheaths appear to have a less protective effect than
soybean or sunflower sheaths (Chilliard & Ferlay
2004), which was confirmed by the numerically
higher C18:0 content of rapeseed fed as seeds com-
pared with oil. Fat content and proportions of SFA and
C18:3n3 in milk fat and transfer efficiency for C18:3n3
were not affected by form of rapeseed supply.
Milk fat content was lower for diets containing
barley silage as the main forage type compared with
diets containing lucerne silage, maize silage, or grass
silage as the main forage type. This might be related to
differences in starch content and to the faster degra-
dation of starch from barley compared with maize
silage. Whether this was in agreement with a higher
level of biohydrogenation intermediates (trans-11-
C18:1) could not be modelled significantly. Transfer
efficiency for C18:2n6 and milk fat proportion of
C18:2n6 were significantly affected by main forage
type in the diet. This resulted in higher transfer effici-
ency for C18:2n6 when the diet contained barley
silage (P=0·068), lucerne silage, or maize silage com-
pared with grass silage, and a higher C18:2n6 pro-
portion in milk fat for barley silage compared with
lucerne silage, maize silage or grass silage. In addition,
proportion of C18:3n3 in milk fat was lower for barley
silage-based diets compared with grass silage-based
diets. The higher transfer efficiency for C18:2n6,
higher milk fat proportion of C18:2n6 and lower milk
fat proportion of C18:3n3 probably reflect the differ-
ence in FA composition of these forages with higher
C18:2n6 proportions in barley silage and higher
C18:3n3 proportions in grass silage. The relationship
between C18:0 in milk fat and dietary FA content was
significantly affected by main forage type, but this did
not result in significant differences in milk C18:0
proportion between the main forage types in a diet
supplemented with a source of rapeseed.
Soybean and sunflower
Final models for diets supplemented with soybean or
sunflower are shown in Table 8. The proportion of UFA
Milk fatty acid profile in dairy cows 507
Table 7. Regression models to predict milk fat content (g/kg), proportions of milk SFA, UFA, C18:0, cis-9-C18:1, trans-11-C18:1, cis-9,cis-12-C18:2
(C18:2n6), and cis-9,cis-12,cis-15-C18:3 (C18:3n3; all in g/100 g), and transfer efficiencies from intake to milk for C18:2n6 and C18:3n3 (proportion)
from diet characteristics (dietary FA and NDF contents; all in g/kg DM) and responses to technological form standardized to seed, and forage type
standardized to diets containing maize silage as main forage type for diets supplemented with rapeseed fat*
Parameter Intercept S.E. P tech. form P forage type Variable Coefficient S.E. P coefficient
RMSPE
(proportion)† CCC
Fat 34·3 0·69 ns 0·001 – – – – 0·000 1·000
SFA 124·2 20·15 ns – UFA −1·59 0·574 0·015 0·032 0·949
NDF −0·129 0·0513 0·024
UFA×NDF 0·0031 0·00151 0·057
SFA 69·7 3·80 – 0·083 UFA −0·282 0·0801 0·004 0·060 0·791
UFA 28·8 4·58 ns – UFA 0·206 0·1241 0·117 0·128 0·616
UFA 28·3 4·80 – 0·090 UFA 0·218 0·1148 0·081 0·081 0·861
C18:0 66·3 27·44 0·034 – FA −0·931 0·4817 0·129‡ 0·121 0·544
NDF −0·122 0·0656 0·093
FA×NDF 0·0022 0·00117 0·093
C18:0 15·3 2·04 – 0·067 FA −0·028 0·0315 0·832§ 0·115 0·484
cis-9-C18:1**
trans-11-C18:1††
C18:2n6 −2·9 1·30 0·067 – C18:2n6 0·049 0·0238 0·065 0·079 0·954
NDF 0·012 0·0030 0·829‡‡
C18:2n6 1·8 0·26 – 0·028 C18:2n6 0·030 0·0128 0·003§§ 0·150 0·833
C18:3n3 0·89 0·315 ns – C18:3n3 0·050 0·0144 0·003 0·394 0·355
NDF −0·0017 0·00085 0·061
C18:3n3 0·59 0·072 – 0·013 – – – – 0·187 0·848
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Efficiency C18:2n6 −0·032 0·1083 0·070 – C18:2n6 0·0056 0·00812 0·510 0·000 1·000
NDF 0·00073 0·000281 0·618***
C18:2n6×NDF −0·000048 0·0000222 0·057
Efficiency C18:2n6 0·266 0·0997 – 0·018 C18:2n6 −0·0133 0·00075 0·993††† 0·056 0·991
Efficiency C18:3n3 −0·371 0·1206 ns – C18:3n3 0·0854 0·02095 0·001 0·017 1·000
NDF 0·0015 0·00031 <0·001
C18:3n3×NDF −0·00030 0·000054 <0·001
Efficiency C18:3n3 −0·200 0·1533 – 0·049 C18:3n3 0·0653 0·03206 0·029‡‡‡ 0·000 1·000
NDF 0·0012 0·00039 0·018
C18:3n3×NDF −0·00028 0·000082 0·009
ns: not significant.
* Data are adjusted for the random effect of experiment and weighted for unequal variance. The equations are standardized for diets containing rapeseed as seed or containing
maize silage as the main forage type. Both intercept and coefficient would be adjusted for different technological forms or forage types. Class and continuous variables are
included when P<0·10.
† RMSPE: root mean square prediction error as a proportion of the observed mean; CCC: concordance correlation coefficient.
‡ The interaction between technological form×FA was P=0·032; estimates for oil: intercept=34·84, slope=–0·342; estimates for protected: intercept=70·50, slope=–1·063.
§ The interaction between forage type×FA was P=0·042; estimates for lucerne silage: intercept=1·30, slope=0·300; estimates for barley silage: intercept=19·32, slope=–
0·175; estimates for grass silage: intercept=24·64, slope=–0·175.
** No significant model could be fitted.
†† No significant model could be fitted.
‡‡ The interaction between technological form×NDF was P=0·080; estimates for oil: intercept=3·78, slope=–0·007; estimates for protected: intercept=2·16, slope=–
0·00005.
§§ The interaction between forage type×C18:2n6 was P=0·023; estimates for lucerne silage: intercept=1·89, slope=0·044; estimates for barley silage: intercept=–17·68,
slope=2·138; estimates for grass silage: intercept=0·22, slope=0·135.
*** The interaction between technological form×NDF was P=0·061; estimates for oil: intercept=27·6, slope=–0·032; estimates for protected: intercept=17·3, slope=0·018.
††† The interaction between forage type×C18:2n6 was P=0·042; estimates for lucerne silage: intercept=18·9, slope=–0·725; estimates for barley silage: intercept=–5·7,
slope=1·993; estimates for grass silage: intercept=3·3, slope=0·103.
‡‡‡ The interaction between forage type×diet C18:3n3 content was P=0·021; estimates for lucerne silage: intercept=–19·1, slope=6·550; estimates for barley silage:
intercept=–101·2, slope=21·366; estimates for grass silage: intercept=–84·1, slope=14·620.
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Table 8. Regression models to predict milk fat content (g/kg), proportions of milk SFA, UFA, C18:0, cis-9-C18:1, trans-11-C18:1, cis-9,cis-12-C18:2
(C18:2n6), and cis-9,cis-12,cis-15-C18:3 (C18:3n3; all in g/100 g), and transfer efficiencies from intake to milk for C18:2n6 and C18:3n3 (proportion)
from diet characteristics (dietary FA and NDF contents; all in g/kg DM) and responses to technological form standardized to seed, and forage type
standardized to diets containing maize silage as main forage type for diets supplemented with soybean or sunflower fat*
Parameter Intercept S.E.
P tech.
form
P forage
type Variable Coefficient S.E. P coefficient
RMSPE
(proportion)† CCC
Fat 33·7 0·79 0·003 ns – – – – 0·053 0·881
SFA 139·1 47·78 ns – FA −1·70 0·810 0·044 0·061 0·641
NDF −0·237 0·1558 0·138
FA×NDF 0·0049 0·00257 0·067
SFA 161·8 45·99 – 0·014 FA −1·81 0·779 0·027 0·038 0·883
NDF −0·310 0·1432 0·038
FA×NDF 0·0051 0·00237 0·041
UFA 41·0 16·43 0·142 – UFA 0·153 0·1584 <0·001‡ 0·076 0·825
NDF −0·036 0·0583 0·610§
UFA 25·3 3·15 – ns UFA 0·303 0·0840 <0·001 0·113 0·593
C18:0 −2·2 2·48 0·038 – FA 0·315 0·0533 0·002** 0·060 0·958
C18:0 12·4 0·70 – <0·001 – – – – 0·103 0·875
cis-9-C18:1 17·2 1·86 0·033 – cis-9-C18:1 0·719 0·1906 <0·001 0·057 0·930
cis-9-C18:1 −110·6 32·11 – <0·001 cis-9-C18:1 10·57 2·730 <0·001 0·000 1·000
NDF 0·424 0·1089 0·007††
cis-9-C18:1×NDF −0·0323 0·00918 0·002
trans-11-C18:1 −9·2 5·34 0·135 – UFA −0·058 0·0822 0·116‡‡ 0·094 0·987
NDF 0·042 0·0193 0·045
trans-11-C18:1 2·7 2·47 – 0·005 UFA 0·103 0·0596 0·098 0·000 1·000
C18:2n6 4·2 0·23 0·022 – – – – – 0·168 0·634
C18:2n6 3·4 0·25 – <0·001 – – – – 0·063 0·957
C18:3n3 0·72 0·047 0·004 – – – – – 0·251 0·379
C18:3n3 −0·71 0·688 – 0·004 C18:3n3 0·434 0·1470 0·006 0·122 0·930
NDF 0·0026 0·00216 0·235
C18:3n3×NDF −0·0011 0·00042 0·018
Efficiency C18:2n6 0·184 0·0958 0·085 – C18:2n6 −0·0038 0·00103 <0·001 0·157 0·911
NDF −0·0000018 0·0003205 0·795§§
Efficiency C18:2n6 0·147 0·0230 – 0·051 C18:2n6 −0·0034 0·00087 <0·001 0·141 0·929
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in milk fat was significantly increasedwith dietary UFA
content, with amore pronounced effect when soybean
or sunflower oil was used compared with a protected
source. In addition, the dietary NDF content also
affected milk UFA proportion showing different effects
when technological form changed. The effect of die-
tary NDF content on milk UFA proportion was most
negative when soybean or sunflower was fed as oil. In
contrast, when soybean or sunflower were fed in a
protected form, the effect of dietary NDF content on
milk UFA proportion was positive. Fibre stimulates
rumen biohydrogenation of free UFA (Harfoot &
Hazlewood 1997), which explains the negative effect
of NDF when fed as oil, but the reason for the positive
effect of NDF when protected sources are fed remains
unclear. However, the effects of technological form,
including addition of fish oil, on the relationships with
dietary UFA and NDF contents did not result in signifi-
cant differences in milk UFA proportion (Table 6).
Supplementing soybeans and sunflower as seed re-
sulted in the highest milk fat content, transfer effici-
encies and milk fat proportions of C18:2n6 and
C18:3n3, which were similar to the effects of the
addition of fish oil to a diet containing soybean or
sunflower. Protected soybean and sunflower sources
did not increase milk fat content or C18:2n6 pro-
portion compared with the other supplement forms.
The data originated mainly from the study of Lundy
et al. (2004), in which only a slightly decreased extent
of C18:2n6 biohydrogenation was found for the
amides and Ca-salts compared with the soybean oil.
However, the milk fat proportion of C18:2n6 in the
current study did not differ between the protected form
and oil. The increase inmilk fat content and proportion
of C18:2n6when soybean and sunflower sources were
fed as seed confirms the protective effects of the seed
coat restricting bacterial access to the FA (Chilliard
et al. 2007).
The addition of fish oil to a diet containing soybean
or sunflower resulted in the lowest proportions of
C18:0 and cis-9-C18:1, and a higher proportion of
trans-11-C18:1 in milk fat compared with supplemen-
tation as seed. These results confirm the inhibiting
effect of fish oil on the final step of biohydrogenation
(Shingfield et al. 2003) and consequently the lower
supply of C18:0 available for desaturation to cis-9-
C18:1. The proportion of C18:0 in milk fat was
increased with increasing dietary total FA content
and this effect was most pronounced when soybean or
sunflower were supplied as seed. Proportion of trans-
11-C18:1 in milk fat was affected by dietary UFA andEf
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Table 9. Regression models to predict milk fat content (g/kg), proportions of milk SFA, UFA, C18:0, cis-9-C18:1, trans-11-C18:1, cis-9,cis-12-C18:2
(C18:2n6), and cis-9,cis-12,cis-15-C18:3 (C18:3n3; all in g/100 g), and transfer efficiencies from intake to milk for C18:2n6 and C18:3n3 (proportion)
from diet characteristics (dietary FA and NDF contents; all in g/kg DM) and responses to technological form standardized to seed, and forage type
standardized to diets containing maize silage as main forage type for diets supplemented with linseed fat*
Parameter Intercept S.E.
P tech.
form
P forage
type Variable Coefficient S.E. P coefficient
RMSPE
(proportion)† CCC
Fat 4·7 7·45 0·058 – NDF 0·091 0·0199 <0·001 0·049 0·939
Fat −100·2 42·32 – ns FA 1·93 0·800 0·024 0·028 0·980
NDF 0·381 0·1122 0·003
FA×NDF −0·0053 0·00209 0·018
SFA 67·2 6·05 0·010 – FA −0·118 0·1120 0·790‡ 0·000 1·000
SFA 71·9 4·65 – 0·003 FA −0·216 0·0874 0·022 0·000 1·000
UFA 28·0 2·75 ns ns UFA 0·205 0·0602 0·002 0·000 1·000
C18:0 12·2 5·41 0·011 – FA 0·067 0·0968 0·007§ 0·115 0·858
C18:0 −151·1 41·83 – 0·027 FA 3·35 0·847 0·001 0·082 0·938
NDF 0·425 0·1104 0·002**
FA×NDF −0·0085 0·00220 0·001
cis-9-C18:1 26·2 7·52 0·025 – cis-9-C18:1 0·759 0·3012 0·022 0·078 0·835
NDF −0·019 0·0200 0·017††
cis-9-C18:1 12·4 5·76 – 0·084 cis-9-C18:1 1·21 0·504 0·373‡‡ 0·073 0·867
trans-11-C18:1 42·4 10·10 <0·001 – UFA −0·914 0·2344 <0·001§§ 0·076 0·989
NDF −0·109 0·0264 <0·001
UFA×NDF 0·0024 0·00060 0·001
trans-11-C18:1 31·5 13·02 – 0·011 UFA −0·678 0·3023 0·039 0·222 0·900
NDF −0·086 0·0347 0·024
UFA×NDF 0·0020 0·00077 0·023
C18:2n6 4·4 0·90 ns ns C18:2n6 0·068 0·0287 0·026 0·190 0·656
NDF −0·0085 0·00237 0·002
C18:3n3 3·12 0·912 0·009 – C18:3n3 −0·132 0·0530 0·011*** 0·080 0·960
NDF −0·0056 0·00249 0·038
C18:3n3×NDF 0·00034 0·000138 0·024
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C18:3n3 3·88 1·116 – 0·036 C18:3n3 −0·187 0·0677 0·009††† 0·001 1·000
NDF −0·0076 0·00308 0·026
C18:3n3×NDF 0·00048 0·000175 0·014
Efficiency
C18:2n6
−0·341 0·1707 ns ns C18:2n6 0·0386 0·01277 0·006 0·236 0·630
NDF 0·0012 0·00046 0·014
C18:2n6×NDF −0·00011 0·000034 0·004
Efficiency
C18:3n3
0·038 0·0203 ns – C18:3n3 −0·0025 0·00036 <0·001 0·123 0·984
NDF 0·00012 0·000061 0·052
Efficiency
C18:3n3
0·057 0·0102 – 0·063 C18:3n3 −0·0038 0·00037 <0·001‡‡‡ 0·000 1·000
NDF 0·00013 0·000033 0·001
ns: not significant.
* Data are adjusted for the random effect of experiment and weighted for unequal variance. The equations are standardized for diets containing linseed as seed or containing
maize silage as the main forage type. Both intercept and coefficient would be adjusted for different technological forms or forage types. Class and continuous variables are
included when P<0·10.
† RMSPE: root mean square prediction error as a proportion of the observed mean; CCC: concordance correlation coefficient.
‡ The interaction between technological form×FA was P=0·012; estimates for oil: intercept=3·2, slope=0·820; estimates for protected: intercept=90·7, slope=−0·515;
estimated for added fish oil: intercept=75·4, slope=−0·319.
§ The interaction between technological form×FA was P=0·062; estimates for oil: intercept=0·84, slope=0·198; estimates for protected: intercept=4·90, slope=0·224;
estimated for added fish oil: intercept=–14·29, slope=0·522.
** The interaction between forage type×NDF was P=0·029; estimates for lucerne silage: intercept=−153·65, slope=0·421; estimates for grass silage: intercept=−199·97,
slope=0·554; estimated for haylage: intercept=−199·20, slope=0·538.
†† The interaction between technological form×NDF was P=0·028; estimates for oil: intercept=−53·19, slope=0·177; estimates for protected: intercept=31·50, slope
=−0·032; estimated for added fish oil: intercept=–45·65, slope=0·198.
‡‡ The interaction between forage type×cis-9-C18:1was P=0·034; estimates for lucerne silage: intercept=57·44, slope=−0·293; estimates for grass silage: intercept=20·93,
slope=0·065; estimated for haylage: intercept=30·63, slope=−0·101.
§§ The interaction between technological form×UFA was P<0·001; estimates for oil: intercept=62·96, slope=−1·234; estimates for protected: intercept=43·14, slope
=−0·914; estimated for added fish oil: intercept=36·79, slope=−0·790.
*** The interaction between technological form×C18:3n3 was P=0·015; estimates for oil: intercept=2·74, slope=−0·124; estimates for protected: intercept=7·03, slope
=−0·276; estimated for added fish oil: intercept=3·24, slope=−0·109.
††† The interaction between forage type×C18:3n3 was P=0·087; estimates for lucerne silage: intercept=5·11, slope=−0·238; estimates for grass silage: intercept=5·40,
slope=−0·238; estimated for haylage: intercept=–3·71, slope=−0·183.
‡‡‡ The interaction between forage type×C18:3n3 was P=0·033; estimates for lucerne silage: intercept=2·7, slope=−0·230; estimates for grass silage: intercept=2·9,
slope=−0·207; estimated for haylage: intercept=−0·319, slope=−0·111.
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NDF contents, whereas the form of supplementation
influenced the effect of dietary UFA with increased
proportions of trans-11-C18:1 in milk fat when
soybean or sunflower were supplied as oil or seed
and decreased proportions when soybean or sun-
flower were supplied as a protected source, or when
fish oil was added to the diet. Biohydrogenation of
UFA seems to be most extensive in the oil form, due to
the easy accessibility of the FA in oil compared with
whole or processed seeds or protected sources
(Chilliard et al. 2007).
Milk fat content and UFA proportion were not
affected by the main forage type in the diet, whereas
proportions of SFA, cis-9-C18:1 and C18:2n6 were
highest when the diet contained haylage as the main
forage type. Transfer efficiency for C18:3n3 and pro-
portion of C18:3n3 were lowest with maize silage as
the main forage type. Maize silage as the main forage
type showed a higher proportion of trans-11-C18:1 in
milk fat compared with grass silage, which was in
agreement with Chilliard et al. (2007) who concluded
that rumen biohydrogenation appears to be less com-
plete when adding linseed or sunflower oil to a diet
containing maize silage compared with grass silage.
This may be related to the higher level of fibre required
to stabilize rumen pH when a higher amount of
degradable starch is present (Zebeli et al. 2008) and
the effects of rumen pH on the rate of biohydrogena-
tion.
Linseed
Final models for diets supplemented with linseed are
shown in Table 9. Milk fat content was positively
affected by dietary NDF content and the intercept was
adjusted for the form of linseed supply or addition of
fish oil. However, this did not lead to significant differ-
ences in milk fat content. Proportion of UFA in milk
was affected by the UFA content in the diet, whereas
the form of linseed supply did not affect the UFA
proportion. Transfer efficiency for C18:3n3 decreased
with increasing dietary C18:3n3 content and decreas-
ing NDF content and was not affected by form of
linseed supply or addition of fish oil. However, pro-
portion of C18:3n3 in milk fat was higher for protected
linseed compared with linseed supplied as seed. Form
of linseed supply or addition of fish oil affected the
relationship between dietary C18:3n3 content and
C18:3n3 proportion in milk fat with a more pro-
nounced effect for protected linseed (higher intercept
and more negative slope). Protection was obtained by
formaldehyde treatment (Petit et al. 2002; Petit 2003)
and the effectiveness of this protection is based on
chemical or technological pre-treatment to allow for-
mation of cross-links between formaldehyde and
protein (Fievez et al. 2007; Sterk et al. 2010).
Increasing dietary NDF content decreased C18:3n3
proportion in milk fat and, in addition, there was a
positive interaction between dietary C18:3n3 and
NDF content.
The proportion of trans-11-C18:1 in milk fat was
higher when linseed was supplied as oil compared
with linseed fed as seed or fed with an additional
supply of fish oil. Form of linseed supply affected the
relationship between dietary UFA content and trans-
11-C18:1 proportion in milk fat with a higher intercept
and more negative slopewhen linseed was supplied as
oil. Increasing NDF content decreased trans-11-C18:1
proportion, and a positive interaction was found be-
tween dietary UFA and NDF content. Because of the
easy accessibility of the FA from oil compared with
whole or processed seeds or protected sources,
biohydrogenation is most extensive (Chilliard et al.
2007), but seems incomplete in the current meta-
analysis as shown by the highest proportion of trans-
11-C18:1 in milk fat. The proportion of C18:0 in milk
fat was not affected by linseed form, whereas the
relationship between dietary total FA content and
C18:0 proportion was more pronounced for linseed
supplied with fish oil (negative intercept, more positive
slope). The addition of fish oil did not result in a
significant reduction of C18:0 in the current analysis,
which was caused by the inclusion of a linseed
supplemented diet with added fish meal containing a
relatively low amount of oil (Ward et al. 2002).
However, fish oil added to a diet containing formal-
dehyde-treated linseed showed a significantly lower
proportion of C18:0 in milk fat (Petit et al. 2002). The
lower proportion of trans-11-C18:1 for cows fed
linseed in combination with added fish oil, compared
with linseed fed as oil, was not expected. However,
in combination with increased proportions of trans-11-
C18:1 the proportion of trans-10-C18:1 is often
increased as rumen micro-organisms shift their biohy-
drogenation pathway accordingly (Shingfield et al.
2003, 2006). The effect on trans-10-C18:1 could not
be determined in the current meta-analysis, due to the
low number of studies reporting this biohydrogenation
intermediate.
Milk fat content and proportion of UFA in milk fat
were not affected by the main forage type in the diet,
whereas proportions of SFA, cis-9-C18:1, and C18:3n3
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(P=0·060) were highest when grass silage was the
main forage type in the diet. Fat content and proportion
of C18:0 were affected by dietary total FA and
NDF content and their interaction, and proportion of
cis-9-C18:1 was affected by dietary cis-9-C18:1 con-
tent. The effect of NDF on proportion of C18:0 in milk
fat was more pronounced when grass silage or haylage
were the main forage type, compared with maize
silage or alfalfa silage. For diets based on lucerne silage
or haylage, a higher intercept and a negative relation-
ship with dietary cis-9-C18:1 content was shown,
whereas for diets based on maize silage or grass silage
a lower intercept and a positive relationship with die-
tary cis-9-C18:1 content was found. Glasser et al.
(2008) reported for linseed-supplemented diets an
effect of forage type for milk fat cis-9-C18:1 proportion
only, with the greatest increase for lucerne-based
diets, followed by maize silage, grass hay and grass
silage-based diets. In the current meta-analysis, the
cis-9-C18:1 proportion was indeed high for linseed-
supplemented diets based on lucerne silage. However,
the proportion was comparable to the cis-9-C18:1
proportion achieved on grass silage-based diets and
maize silage-based diets, whereas haylage-based diets
showed a lower cis-9-C18:1 proportion in milk fat.
The proportion of C18:3n3 was significantly
affected by dietary contents of C18:3n3, NDF and
their interaction, with an interaction between main
forage type and dietary C18:3n3 content (Table 9).
Lucerne silage- or grass silage-based diets showed
higher intercepts and more negative relationships with
dietary C18:3n3 content compared with maize silage
and haylage. Sterk et al. (2011) found an interaction
between crushed linseed proportion in the diet and
forage to concentrate ratio and a linear effect of forage
type (grass silage v. maize silage) on the proportion of
C18:3n3 in milk fat. The proportion of trans-11-C18:1
showed negative regression slopes for dietary UFA and
NDF contents and a positive regression slope for their
interaction. The intercept was adjusted for main forage
type in the diet, resulting in a higher trans-11-C18:1
proportion in milk fat when haylage was the main
forage type comparedwithmaize silage or grass silage.
The conclusion by Palmquist et al. (2005) that com-
plete biohydrogenation to C18:0 is most extensive
when high amounts of ensilaged forages are fed seems
to be confirmed for linseed-supplemented diets.
However, feeding haylage as the main forage type
did not result in higher transfer efficiency for C18:3n3
and C18:3n3 proportion in milk fat compared with
grass silages.
In conclusion, the form of supply of FA or the ad-
dition of fish oil to dairy cows fed rapeseed, soybean,
sunflower or linseed significantly affected the relation-
ships between the dietary nutrient composition
(FA and NDF contents) and milk FA profile. This
resulted in significant differences in several milk FA for
fat sources supplied as oil, seed or a protected source,
or supplied in combination with fish oil. The main
forage type in the ration also had a significant effect on
the relationship between dietary FA and NDF contents
and milk FA profile, which resulted in significant
differences in several milk FA for cows fed alfalfa
silage, barley silage, grass silage, maize silage, maize/
haylage or haylage as the main forage type in diets not
supplemented with a fat source or diets supplemented
with FA from rapeseed, soybean, sunflower, or linseed.
The current meta-analysis showed that the effect of
dietary nutrient composition on several milk FA
proportions is dependent on the type and form of fat
supplementation, addition of fish oil, and main forage
type in the basal diet.
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